. These results suggest that the cell biological receptors (GluRs) from postsynaptic elements has mechanisms governing AMPA receptor exo-and endobeen proposed as a mechanism for regulating synaptic cytosis play a pivotal role in producing activity-depenstrength. Here we test the role of ubiquitin in regulating dent changes in synaptic strength; however, much resynapses that contain a C. elegans GluR, GLR-1.
dance at postsynaptic elements is regulated by clathrinbrevin antibodies; however, this experiment is not practical because the synaptic density in the ventral cord is mediated endocytosis and by ubiquitination. so high that individual synapses cannot be resolved. Therefore, we restricted expression of the presynaptic Results markers to a subpopulation of nerve terminals. The SNB-1 fluorescent protein was expressed in the glr-1-GLR-1::GFP Is Properly Localized to Postsynaptic Elements expressing interneurons, labeling interneuron-interneuron synapses. The eat-4 VGLUT fluorescent protein was We previously showed that a GFP-tagged version of the glr-1 GluR (GLR-1::GFP) could be used to visualize used to label a distinct set of synapses, since the eat-4 promoter driving expression of this construct is not exsynaptic elements in transgenic worms ( Figure 1A ) (Rongo et al., 1998; Rongo and Kaplan, 1999) . Transpressed in the glr-1-expressing interneurons (Lee et al., 1999) (M.G. and J.K., unpublished data). We found that gene-encoded GLR-1::GFP receptors were expressed in ventral cord interneurons (which express the endoge-GLR-1::GFP puncta were often closely apposed to both SNB-1 (38% Ϯ 3%) and EAT-4 (46% Ϯ 3%) puncta nous glr-1 GluRs), and were found in punctate structures in the ventral nerve cord. These ventral cord puncta ( Figure 1E ). Since the SNB-1 and EAT-4 markers label nonoverlapping sets of synapses, these results suggest colocalize with synaptobrevin at sensory-interneuron synapses (Rongo et al., 1998) . To further document the that a large fraction of the GLR-1::GFP puncta (Ͼ80%) correspond to postsynaptic elements. synaptic targeting of GLR-1::GFP, we analyzed GLR-1 localization with two presynaptic markers: synaptoThe incomplete colocalization of GLR-1 with presynaptic markers is predicted for two reasons. First, failure brevin (SNB-1, Figure 1A ) and the vesicular glutamate transporter (VGLUT, Figure 1C 2B ). In more posterior regions of the ventral nerve cords of unc-11 AP180 mutants, et al., 1999). In the case of interneuron-interneuron synapses, we were able to estimate the extent of colocaliza-GLR-1::GFP remained punctate, but the puncta were significantly larger and brighter than those observed in tion from the known connectivity. The GLR-1-expressing interneurons have a total of 451 synaptic inputs in the wild-type animals ( Figures 2D, 2E , and 2G). Both of these defects in receptor distribution were corrected by vecventral nerve cord, of which 120 (27%) are interneuroninterneuron synapses (White et al., 1986). It is not surtors driving expression of wild-type unc-11 AP180 cDNA constructs with the glr-1 promoter ( Figures 2C, 2F , and prising that the fraction colocalized observed in our experiment (38% Ϯ 3%, Figure 1E ) was somewhat higher 2G), indicating that both defects were caused by the absence of unc-11 AP180 from GLR-1-expressing neuthan that predicted since GLR-1 receptors are not present at all postsynaptic elements in these interneurons rons. Changes in puncta sizes and puncta densities were (M.G. and J.K., unpublished data), and because we analyzed a specific region of the ventral nerve cord. measured by quantitative fluorescence microscopy ( Figures 2G and 2H ). These analyses showed that mean puncta amplitude and width were both significantly inThe unc-11 AP180 Clathrin Adaptin Protein creased in unc-11 AP180 mutants as compared to wildControls the Abundance of GLR-1::GFP at Synapses type controls. By contrast, puncta densities observed The numbers and sizes of these glr-1 GluR containing in unc-11 AP180 mutants were indistinguishable from puncta in the ventral cord can be measured by quantitathose found in wild-type animals. These results suggest tive fluorescence microscopy. To estimate the total that AP180 and, by inference, clathrin-mediated endoabundance of GLR-1::GFP at ventral cord puncta, we cytosis regulate the abundance of glr-1 GluRs in the measured the peak amplitude of fluorescence in each ventral cord. In addition, as deficient endocytosis was punctum, and the width of each punctum. Puncta ampliassociated with increased GLR-1::GFP fluorescence, tudes were measured as the fractional increase in GLRour results also suggest that a significant fraction of 1::GFP fluorescence in puncta over the diffuse backendocytosed GLR-1 receptors is degraded. ground of fluorescence in the ventral cord (%⌬F/F). We
The change in the average dimensions of unc-11 measured the density of GLR-1::GFP puncta in the ven-AP180 mutant puncta could reflect a global change in tral cord to estimate the density of GLR-1-containing all ventral cord puncta. Alternatively, a select subpopusynapses. Since GFP was inserted into a cytoplasmic lation of ventral cord puncta could be particularly sensidomain of GLR-1, GLR-1::GFP molecules in the plasma tive to steady-state changes in the rate of endocytosis. membrane and in subsynaptic endosomal compartTo distinguish between these possibilities, we comments should contribute equally to the total fluorespared the distributions of puncta amplitudes and widths cence of each punctum. Therefore, the fluorescence in unc-11 AP180 versus wild-type ventral nerve cords measurements reported here likely correspond to the ( Figure 2H ). We found that the wild-type puncta amplisum of plasma membrane and endosomal receptor tude distribution was well fit by a scaled version of the pools and recycling of receptors between the endosome unc-11 AP180 distributions. In the case of puncta and plasma membrane should not contribute to changes widths, the unc-11 AP180 mutation had a slightly disproin fluorescence. We used quantitative fluorescence miportionate effect on larger puncta. These results suggest croscopy to examine the mechanisms regulating the that unc-11 AP180 globally regulates the abundance of abundance and distribution of GLR- Therefore, we reasoned that overexpression of ubiquitin ventral nerve cord (data not shown). Similar defects in GLR-1::GFP abundance were observed in other uncmight promote increased ubiquitination of target proteins. To determinine if ubiquitin regulates the distribu-11 mutants, including strains carrying the putative null allele, e47 (Figure 2 ). The unc-11 gene encodes a clathrin tion of GLR-1::GFP in the ventral cord, we constructed a transgene which expresses ubiquitin tagged with nine adaptin protein AP180 (Nonet et al., 1999). AP180 is a soluble adaptor protein that has been implicated in copies of the Myc epitope (MUb) in these ventral cord interneurons. We found that the MUb transgene (nuIs89) recruiting clathrin to endocytic cargo proteins (Kirchhausen, 1999). In both Drosophila and C. elegans, mugreatly reduced density and amplitudes of GLR-1::GFPcontaining puncta, whereas puncta widths were not sigtants lacking AP180 have endocytic defects (Zhang et al., 1998; Nonet et al., 1999).
nificantly altered (Figure 3) . Therefore, these results are consistent with the idea that ubiquitin directly or indiTwo principal defects were observed in the distribution of GLR-1::GFP in unc-11 AP180 mutants. First, in rectly induces degradation of glr-1 GluRs. Since puncta amplitudes and puncta density were the anterior most region of the ventral nerve cord, we observed highly abundant and diffusely distributed both significantly diminished upon overexpression of MUb ( Figure 3D ), it was possible that the change in GLR-1::GFP in unc-11 AP180 mutants whereas wildtype animals retained modestly sized puncta in the same puncta density was a secondary consequence of the change in receptor abundance at each punctum. Specifthe MUb-induced decrease in puncta densities. We conclude that overexpression of ubiquitin independently ically, we would expect that a certain fraction of ventral cord puncta would no longer be detectable above the regulates both the abundance of GLR-1 at each punctum and the number of GLR-1-containing puncta. diffuse background of ventral cord fluorescence after expression of MUb. We estimated that following a 54% decrease in amplitude, 15% of wild-type puncta would glr-1 GluRs Are Ubiquitinated In Vivo MUb-induced decrease in puncta amplitudes and densibe lost as their amplitudes would be less than the smallest detected MUb punctum. By contrast, we observed ties could result from direct ubiquitination of glr-1 GluRs or ubiquitination of other, unidentified proteins. We an 82% decline in puncta density in strains expressing MUb ( Figure 3D ). As a second independent method to tested whether glr-1 GluRs are ubiquitinated through a variety of experiments. First, we tested whether MUb measure the relationship between puncta density and receptor abundance, we compared the density of ventral was conjugated to GLR-1::GFP in transgenic animals ( Figure 5A ). We detected the GLR-1::GFP fusion protein cord puncta in two transgenic strains expressing different levels of wild-type GLR-1::GFP (nuIs24 and nuIs25).
with anti-GFP in immunoblots or immunoprecipitations using a membrane fraction isolated from worm extracts. From quantitative Western blots, we estimated that the GLR-1::GFP abundance in nuIs25 was 52% that found Immunoblotting with anti-Myc identified one major and several minor MUb-GLR-1 bands in immunoprecipitates in nuIs24 (Table 1) . We found that nuIs24 puncta amplitudes were significantly greater than those observed in formed with anti-GFP. It is possible that the MUb-GLR-1 conjugates obnuIs25 animals, whereas puncta widths and densities were indistinguishable in these strains (Figure 4) . Interserved were a consequence of overexpression of MUb. To control for this possibility, we tested whether GLRestingly, the difference in puncta amplitudes between nuIs24 and nuIs25 (42%) was similar to the amplitude 1::GFP formed conjugates with endogenously expressed ubiquitin ( Figure 5B ). In this case, Ub-GLR-1 reduction caused by MUb (54%), yet the two wild-type strains had identical widths and densities. Therefore, conjugates were detected by performing a double immunoprecipitation protocol, using anti-GFP and antichanges in puncta amplitudes are unlikely to explain ubiquitin, followed by immunoblotting with anti-GFP. munoprecipitation (data not shown), nor when anti-ubiquitin was saturated with purified ubiquitin prior to the Here again we were able to detect Ub-GLR-1 conjugates as a doublet of higher molecular weight species. These second immunoprecipitation. We were also able to detect Ub-GLR-1 conjugates by immunoblotting with antihigher molecular weight species were not detected when normal rabbit serum was used in the second imubiquitin antibodies following immunoprecipitation with The number of line scans of ventral cord fluorescence, and the number of GLR-1::GFP puncta analyzed for each genotype are shown. a Expression levels of GLR-1::GFP in some transgenic strains were compared by quantitative Western blots with anti-GFP. GFP abundance in these strains is reported as mean Ϯ standard error of chemiluminescence (arbitrary units)/g of total protein (N ϭ 6-12 for each data point). b Normalized differences in GFP abundance were also reported, where the levels found in nuIs24 GLR-1::GFP were set as 1.0. ND indicates that this value has not been determined. prevent degradation of these conjugates. We were unable to detect conjugates formed between endogenously expressed glr-1 GluRs and ubiquitin (data not shown); however, we would not expect to detect these endogenous Ub-GLR-1 conjugates since our anti-GLR-1 was not sufficiently sensitive to detect the minor fraction of endogenously expressed GLR-1 receptors that would be predicted to carry the ubiquitin tag. We conclude that glr-1 GluRs are ubiquitinated but that these conjugates do not form extensive polyubiquitin chains. Our analysis suggested that the major species of Ub-GLR-1 conjugates contained fewer than five ubiquitin or MUb moieties ( Figure 5 ). Efficient degradation of ubiquitin conjugates by the proteasome requires the pres- The average puncta amplitudes, widths, and density are compared remained possible that Ub-GLR-1 were degraded by the in two strains that express different levels of wild-type GLR-1::GFP, proteasome. It was also possible that more extensive nuIs24, and nuIs25. In nuIs25 animals, GLR-1::GFP was expressed polyubiquitin chains were assembled on GLR-1 but that at 52% the levels found in nuIs24 animals, as determined by quantithese were not detected due to their rapid degradation.
tative Western blots (Table 1). Values that differ significantly are indicated by their p values (Student's t test).
To further address whether ubiquitin regulation of glr-1 GluR abundance is dependent on mono-or polyubiquitination, we expressed a mutant form of ubiquitin (K48R), anti-GFP antibodies ( Figure 5C ). Thus, the presence of which has a reduced ability to form polyubiquitin chains. Ub-GLR-1 conjugates could not be ascribed to overexExpression of MUb(K48R) transgenes, like wild-type pression of MUb. From their mobility in gels, we estiMUb, significantly reduced the abundance of GLRmated that the major MUb-GLR-1 and Ub-GLR-1 conju-1::GFP in the ventral nerve cord (data not shown). This gates had fewer than five copies of the ubiquitin moiety.
result suggests that degradation of GLR-1 does not reThe MUb-GLR-1 species migrated more slowly than the quire formation of extensive polyubiquitin chains. Ub-GLR-1 conjugates, as would be predicted since the MUb protein contains nine copies of the Myc epitope.
Mutations that Prevent Formation of Ub-GLR-1 We estimated that the Ub-GLR-1 species represented
Conjugates Caused Increased Accumulation less than 1% of the total GLR-1::GFP. It was not surprisof GLR-1::GFP in the Ventral Nerve Cord ing that such a small fraction of receptors are found Ubiquitin moieties are conjugated to target proteins by forming isopeptide bonds with lysine residues in the as Ub-GLR-1 conjugates since no effort was taken to (Table 1) . Thus, the increased puncta fluorescence oband Ste6p, two yeast proteins which undergo ubiquitindependent endocytosis. We tested the importance of served in the lysine mutants could not be ascribed to increased total GLR-1::GFP abundance. Second, we this motif by changing K888 to arginine. The average GLR-1(K888R) puncta amplitudes and widths were sigcompared puncta amplitudes, widths, and densities in animals expressing different levels of wild-type GLRnificantly greater than those observed in wild-type controls ( Figures 7B, 7G, and 7H) ; however, average puncta 1::GFP (nuIs24 and nuIs25) ( Table 1) . We found that differences in transgene expression could explain densities were not significantly different from those observed with wild-type GLR-1::GFP ( Figure 7I ). Mutation changes in puncta amplitudes but that differences in expression would not be expected to cause changes in of all four cytoplasmic lysine residues to arginine, GLR-1(4KR), caused an increase in puncta widths and a slight puncta widths or densities (Figure 4) . Third, we examined the distribution of GLR-1 in strains carrying a low (albeit significant) increase in puncta densities compared to wild-type animals ( Figures 7C, 7G-7I ). GLRcopy transgene, which expressed GLR-1(4KR)::GFP at 56% the level found in nuIs108 animals (as measured 1(4KR) puncta amplitudes were not significantly different from wild-type amplitudes. Since total receptor at by ventral cord fluorescence), and found that puncta widths were significantly wider (1.17 Ϯ 0.07 m) than each synapse is a function of both puncta amplitude and width, these results indicate that increased levels those found in animals expressing wild-type receptors (0.83 Ϯ 0.02 m). Taken together, these results sugof GLR-1(K888R) and GLR-1(4KR) were found at postsynaptic elements as compared to wild-type controls.
gested that the increased abundance of GLR-1(K888R) and GLR-1(4KR) receptors at postsynaptic elements In both cases, the K888R and 4KR mutations uniformly increased puncta fluorescence across the entire districould not be ascribed to differences in transgene expression levels. bution of ventral cord puncta ( Figure 7K, and data not  shown) .
The increased accumulation of GLR-1(4KR)::GFP at ventral cord puncta may have resulted from targeting A possible explanation for these results was that changes in puncta amplitudes and widths observed in of receptors to nonsynaptic sites. We did two experiments to test this possibility. First, we tested whether lysine mutants were caused by differences in the expression of the wild-type and mutant GLR-1::GFP trans-GLR-1(4KR)::YFP receptors were colocalized with sy- naptobrevin and eat-4 VGLUT ( Figures 1B, 1D, and 1E) . If the increased receptor abundance in ventral cord puncta were due to the inability to ubiquitinate the muWe found that GLR-1(4KR) puncta were often closely apposed to SNB-1 puncta (33% Ϯ 4%) and to EAT-4 tant receptors, then we would predict that mutant receptors lacking these cytosolic lysine residues would not puncta (65% Ϯ 3%) ( Figure 1E ). Second, we showed that GLR-1(4KR)::GFP mutant receptors could functionally form Ub-GLR-1 conjugates. We directly tested this possibility in double immunoprecipitation experiments. We replace endogenously expressed GLR-1 receptors, which are required for responsiveness to nose touch found that GLR-1(4KR) mutant receptors formed significantly less Ub-GLR-1 conjugates than did the wild-type stimuli. We found that nuIs108 GLR-1(4KR)::GFP; glr-1(n2461) GluR double mutants were significantly more receptors ( Figure 6C ). Taken together, these results suggest that preventing ubiquitination of GLR-1::GFP caused responsive to nose touch than were glr-1(n2461) GluR single mutants (93% Ϯ 3% versus 4% Ϯ 2% positive increased accumulation of receptors at postsynaptic elements. However, it remains possible that mutating responses). Therefore, GLR-1(4KR)::GFP mutant receptors were both functionally competent, and correctly these lysine residues also has other effects on receptor function. targeted to postsynaptic elements.
Our results thus far did not rule out the possibility that the model that ubiquitination of GLR-1::GFP and unc-11 AP180 act together in a single process. Therefore, ubiquitination of other proteins, in addition to GLR-1, we propose that ubiquitin conjugation triggers the realso contributes to ubiquitin-mediated regulation of moval of GLR-1::GFP from the postsynaptic plasma GLR-1-containing synapses. To address this question, membrane, a process that is mediated by unc-11 AP180 we coexpressed MUb and GLR-1(4KR) mutant receptors and clathrin-mediated endocytosis. in transgenic animals. We found that GLR-1(4KR) puncta amplitudes were not diminished by MUb ( Figure 7G nuIs108 GLR-1(4KR)::GFP mutants had significantly First, if ubiquitination of GLR-1 is required for receptor shorter periods of forward locomotion than were obendocytosis, then ubiquitin-induced degradation of served in nuIs24 GLR-1::GFP animals ( Figure 8B ), as GLR-1::GFP should be prevented by blocking endocytowould be expected if synaptic inputs had been strengthsis. Consistent with this prediction, we found that uncened. The difference in the locomotion behavior of these 11 AP180 puncta amplitudes were not significantly detwo strains cannot be ascribed to a difference in GLR-1 creased by MUb and the effect on puncta densities was expression levels since nuIs108 GLR-1(4KR)::GFP anigreatly reduced (Figures 3C and 3D) . mals expressed less total GLR-1 receptor than did Second, if ubiquitination and unc-11 AP180 act in nuIs24 GLR-1::GFP animals (Table 1) . However, the beindependent or parallel processes, both of which dehavioral defect observed in nuIs108 GLR-1(4KR)::GFP crease the levels of GLR-1::GFP in ventral cord puncta, mutants could be caused by nonsynaptic receptors then one would predict that the defects caused by uncrather than by a change in synaptic transmission. To 11 AP180 and by GLR-1(4KR) mutations would be addiaddress this possibility, we analyzed the behavior of tive, i.e., the defects observed in the unc-11 AP180; eat-4 VGLUT; nuIs108 GLR-1(4KR)::GFP double munuIs108 GLR-1(4KR)::GFP double mutants would be tants. We found that preventing synaptic release of glumore severe than either single mutant. In fact, we found tamate (with the eat-4 VGLUT mutation) blocked the that the puncta width distributions for unc-11 AP180 effect of nuIs108 GLR-1(4KR)::GFP on the duration of and for unc-11 AP180; nuIs108 GLR-1(4KR)::GFP were forward locomotion ( Figure 8B ). These results show that indistinguishable (Figures 7H and 7J) . the effects of nuIs108 GLR-1(4KR)::GFP on locomotion Third, if Ub-GLR-1 conjugates were removed from the are mediated by synaptic GLR-1 receptors. Although ventral cord by endocytosis, then blocking endocytosis we are unable to measure synaptic strength directly, should cause Ub-GLR-1 conjugates to accumulate. these behavioral data suggest that preventing ubiquitiConsistent with this idea, we found that Ub-GLR-1::GFP nation of GLR-1 resulted in increased synaptic strength. conjugates were 2-fold more abundant in unc-11 AP180 mutants than in wild-type controls (Figures 6D and 6E) . Discussion These results suggest that unc-11 AP180 mediates the degradation of Ub-GLR-1 conjugates.
Recent work in a variety of systems suggests that an important mechanism for regulating synaptic strength Taken together, these results are most consistent with metabotropic GluR agonists, AMPA receptor antagonists, and insulin. In each case, the signaling pathways and that AP180 is required for both of these processes. required for receptor internalization and the fate of the internalized receptors appear to be distinct. Our work Ubiquitination of GLR-1 Receptors One potential caveat for our results is that the Ub-GLR-1 suggests that one mechanism by which receptors are removed from synapses is ubiquitination of conserved conjugates we observed are a consequence of overexpression of either ubiquitin or of chimeric GLR-1::GFP cytosolic lysine residues in AMPA receptors. Our results demonstrate that mutants lacking the uncreceptors. We provide several experiments that argue against this possibility. Ub-GLR-1 conjugates were 11 AP180 clathrin adaptin accumulate abnormally high levels of GLR-1::GFP in the ventral nerve cord and that formed both with transgene-encoded MUb, and with endogenously expressed ubiquitin. Thus, formation of this defect arises from absence of unc-11 AP180 in the GLR-1-expressing interneurons. These results are comUb-GLR-1 conjugates was not caused by overexpression of ubiquitin. We were unable to detect Ub-GLR-1 plementary to those obtained with mammalian AMPA receptors. Several labs have shown that internalization conjugates formed with endogenously expressed receptors and ubiquitin; however, this is not surprising of rat GluRs is mediated by clathrin, the clathrin adaptin AP2, and dynamin (Carroll et al., 1999a (Carroll et al., , 1999b , we propose that ubiquitination of GLR-1 may be induced by glutait was shown that receptors were either recycled back to the plasma membrane or targeted to lysosomes. Inmate binding. Fourth, expressing mutant GLR-1(4KR) receptors, which were not ubiquitinated, produced locoterestingly, different treatments biased AMPA receptors toward either recycling (NMDA treatment) or targeting motion defects that were similar to those caused by mutations that constitutively activate GLR-1. Furtherto late endosomes/lysosomes (AMPA treatment). In our case, a significant fraction of endocytosed GLR-1 recepmore, this behavioral effect was dependent upon synaptically released glutamate. Thus, the effect of the GLRtors was apparently degraded (perhaps in lysosomes), as GLR-1::GFP fluorescence was increased in unc-11 1(4KR) mutation on locomotion strongly implies that synaptic strength is regulated by formation of Ub-GLR-1 AP180 mutants. In analogy to mammalian AMPA receptors, we expect that a significant fraction of endocyconjugates. On the other hand, our results do not exclude the possibility that AP180 also plays a role in tosed GLR-1 receptors are also recycled; however, our fluorescence measurements are unable to detect recependosome-lysosome trafficking. In any of these scenarios, our results strongly support the idea that ubiquitinator recycling.
What is the fate of ubiquitinated glr-1 GluRs? Several tion of GLR-1 receptors regulates their abundance at neuron-neuron synapses, and thereby alters synaptic results suggest that Ub-GLR-1 conjugates are removed from synapses by an unc-11 AP180-mediated process.
strength. Overexpression of a MUb transgene greatly decreased GLR-1::GFP puncta amplitudes in the ventral nerve cord.
Implications for Synapse Formation and Plasticity This ubiquitin-induced decrease in puncta amplitude
Several studies have shown that activity regulates the was prevented by an unc-11 AP180 mutation or by exabundance of AMPA receptors at central synapses, and pressing a mutant form of GLR-1 lacking cytoplasmic that these changes occur over a broad range of time lysine residues. The effects of unc-11 AP180 and GLRscales. Rapid delivery of AMPA receptors to dendritic 1(4KR) mutations on receptor abundance at synapses spines is promoted by treatments or patterns of activity were not additive. Finally, mutants lacking unc-11 AP180 that promote long-term potentiation ( tations, implying that clathrin-mediated endocytosis was also involved in this process. However, we found our results indicate that ubiquitin acts prior to AP180, we infer that Ub-GLR-1 conjugates form in the plasma that mutating cytosolic lysine residues in GLR-1 did not block the effects of ubiquitin on puncta density. Theremembrane. Second, the GLR-1 ubiquitination motif defined here shares some core sequences with ubiquitinafore, we speculate that ubiquitination of other synaptic proteins (i.e., in addition to GLR-1) will mediate the eftion/endocytosis signals in the yeast Ste2p and Ste6p proteins (Figure 6 ). Third, deletion of sequences correfects on puncta density. These unidentified proteins are also likely to be postsynaptic proteins, as overexpressponding to this ubiquitination motif produced defects in AMPA-induced endocytosis of rat GluR2 (Lin et al., sion of MUb in the GLR-1-expressing cells was sufficient to elicit the change in puncta density. Thus, it is likely 2000). Interestingly, both AMPA-induced endocytosis of GluR2 (Ehlers, 2000) and AP180-mediated endocytosis that ubiquitination of both pre-and postsynaptic proteins will play important roles in synapse formation and of GLR-1 lead to receptor degradation. Given the similarity of the GLR-1 ubiquitination motif (Figure 6 ) and the plasticity. tected with anti-GFP using enhanced chemiluminescence (Pierce). Puncta amplitudes were calculated as the fractional increase in Abundance of GLR-1::GFP in different transgenic strains was expeak fluorescence over the diffuse background of fluorescence in pressed as a fraction of the total protein concentrations in worm the ventral cord (⌬F/F). Puncta widths were estimated as the peak extracts (Table 1) . Protein concentrations were determined using width at half-maximal amplitudes. Puncta densities were measured BCA reagent (Pierce). as the average number of puncta in 10 m of ventral cord length. All values reported in figures are means Ϯ standard errors. Statistical Analysis of Locomotion Behavior significance was determined by two-tailed Student's t test. The
Experimental Procedures
The duration of forward and reverse locomotion movements of day number of line scans and puncta analyzed for each genotype are one adult hermaphrodites was determined as previously described reported in Table 1 
